determined the diffusion coefficient during the soaking of common beans (Phaseolus vulgaris L.), considering the volumetric expansion, and found values of 1.07 × 10 -9 , 1.30 × 10 -9 , 1.58 × 10 -9 and 1.41 × 10 -9 m/second, at temperatures 20, 30, 40 and 50 °C, respectively. These researchers found that the relationship between the diffusion coefficient and the temperature can be described by the Arrhenius' equation, and presented activation energy for liquid diffusion in common bean grains of 6.748 kJ.mol -1 .
Mathematical modeling is essential to predict and simulate the performance of materials subjected to a given process. There are several mathematical models in the literature expressing the soaking phenomenon in agricultural products. However, most models are based on diffusion laws and involve numerous functions and parameters that hardly represent water absorption in a simple manner (ABU-GHANNAM; MCKENNA, 1997). Thus, Peleg (1988) proposed an empirical model to simplify the description of water absorption by grains and cereals. This model has been accepted and used by several researchers to represent this phenomenon (ABU-GHANNAM; MCKENNA, 1997; TURHAN; SAYAR; GUNASEKARAN, 2002; PAN; TANGRATANAVALEE, 2003; RESENDE; CORRÊA, 2007) .
Therefore, this study analyzed the variation in shape and size of Adzuki beans during soaking at different temperatures, as well as the fit of different mathematical models to the experimental data on volume expansion, selecting the one that best represented this phenomenon.
Materials and methods
This study was carried out at the Vegetable Produce Post-Harvest Laboratory and the Seed Quality Laboratory of at 'Instituto Federal Goiano -Campus Rio Verde -IFGoiano Campus Rio Verde' , located in Rio Verde, State of Goias. The beans were subjected to soaking in distilled water at 18 ± 1, 27 ± 1, 36 ± 1 and 45 ± 1 °C, in five replicates. Plastic containers (100 mL capacity) containing 80 mL of distilled water with 20 g of product in each sample, in a mass relation of 4/1, were used. Water absorption was monitored by periodically weighing the samples, removing them from the containers, and placing them over filter paper in order to remove surface water during approximately two minutes. Water absorption by Adzuki beans proceeded until the product reached its moisture saturation contents. Grains were randomly chosen and placed in a recipient with 20 mL of distilled water.
The shape and size of the Adzuki beans, considered as spheroids, were analyzed regarding sphericity, roundness and volume using the characteristic dimensions in ten grains, orthogonal axis, obtained through a digital caliper with 0.01 mm resolution. during and after its formation period, which influences the other physical properties of the product. These data are used for the size and form measurement of fruits and for the sieves in equipment destined to separation and classification (SILVA; CORRÊA, 2000) .
Technological characteristics of the bean grain, especially soaking and cooking time, are important factors affecting product quality, and are highly correlated (GUEVARA, 1990) . Such characteristics can be affected by species and genetic composition of the grain, associated to environment production conditions, grain processing and storage (COELHO et al., 2007) . According to Yousif et al. (2003) , Adzuki beans present as an important characteristic the tenderness of the tegument after cooking, indicating an excellent cooking quality. Soaking of materials is a complex process that reconstitutes the original characteristics of the product, after contact with a liquid phase (BILBAO-SÁINZ; ANDRÉS; FITO, 2005) .
During soaking, water diffuses to the inner parts of the product, increasing its volume. This volume expansion can occur differentially in the grain radial and axial directions (BAYRAM; ONER; KAYA, 2004) , and it is mostly affected by the temperature of the soaking solution. Bayram, Oner and Kaya (2004) , analyzing dimension variation in soybean grains during soaking at different temperatures, found a product volume increase of 129.6, 130.1 and 146.3% for the temperatures of 30, 50 and 70 °C, respectively. In contrast, Corrêa et al. (2007) evaluated volume expansion of common beans (Phaseolus vulgaris L.) during soaking at temperatures of 20, 30, 40 and 50 °C and observed a volume increase ranging from 222 to 242%; also, these authors identified that common beans expand differently in the radial and axial directions, presenting non-uniform variation in their characteristic dimensions, which were greater for the smaller axis.
Water absorption by agricultural products subject to soaking processes, in general, increases with temperature increase and soaking time (BHATTACHARYA 1995; PAN; TANGRATANAVALEE, 2003; SUAREZ, 2003 SUAREZ, , 2005 BELLO; TOLABA; SUAREZ, 2004; KAYA, 2004; RESENDE; CORRÊA, 2007; COELHO et al., 2008) . The temperature effect during soaking has been studied for several agricultural products, such as corn (BHATTACHARYA, 1995; VERMA; PRASAD, 1999) , common beans (ABU-GHANNAM; MCKENNA, 1997; RESENDE; CORRÊA, 2007; COELHO, et al., 2008) Water movement in the solid can be explained by different mechanisms. Several authors have proposed that the major mechanism of water transport is liquid diffusion (FORTES; OKOS, 1980; GEANKOPLIS, 1983) . Diffusion occurs in the fine structure solids and in capillaries or pores and in the small orifices filled with vapor. However, diffusion theory does not consider shrinking, hardening of the tegument (hard skin) and sorption isotherms (BARBOSA-CÁNOVAS; VEJA- MERCADO, 2000) . Mathematical models were fitted to the experimental data of volume expansion of Adzuki beans to represent the phenomenon, by the expressions listed in Table 1 (Equations 4-9). Peleg's model and the variation of constants in function of the soaking temperature were adjusted by regression analysis,
The sphericity of the beans was determined according to the expression described by Mohsenin (1986) 
where, E S : sphericity, %; a: longest grain axis dimension, mm; b: medium grain axis dimension, mm; c: smallest grain axis dimension, mm.
The circularities of Adzuki beans, obtained for the three projection positions, were determined for each of them, as shown in Figure 1 , and calculated by the following expression (MOHSENIN, 1986) (Equation 2):
where, C r : circularity, %; d i : diameter of the largest inscribed circle, m; d c : diameter of the smallest circumscribed circle, m. Lang and Sokhansanj (1993) ( )
Rahman ( It was observed that Adzuki beans grains expanded differentially in the radial and axial directions, presenting non-uniform variations in its characteristic dimensions.
The volumetric expansion indices for Adzuki beans soaking in the range of 18 to 45 °C were 33.6 to 55.5% for the longest axis, 13.9 to 20.9% for the medium axis and 23.3 to 34.5% for the smallest axis. Thus, the greatest expansion index was observed for the orthogonal axis "a", differently from the results observed by Corrêa et al. (2007) for common red beans (Phaseolus vulgaris L.), during soaking at temperatures 20, 30, 40 and 50 °C, where the greatest expansion was observed in axis "c". Also, it can be observed in Tables 2 and 3 that the Adzuki beans shape changed regularly during soaking at temperatures 18, 27, 36 and 45 °C.
Thus, the circularities according to the longest axis (C r1 ) and the medium axis (C r2 ) decreased during soaking while the using the Gauss Newton's method, with the aid of the program STATISTICA 5.0 ® . The influence of fit for each model considered the significance of the regression coefficient by the T test, at 1 % probability; the magnitude of the determination coefficient (R 2 ); the magnitude of the relative average error (P); and the standard error of the estimate (SE). The relative average error and the standard error of the estimate were calculated according to the expressions (Equations 10 and 11):
where, Y: Experimentally observed value; Ŷ: Value estimated by the model; n: Number of experimental observations; GLR: Degrees of freedom of the model (number of observations minus the number of parameters in the model).
Results and discussion
According to Tables 2 and 3, the saturation moisture content increased with the increase of the soaking temperatures, with the Table 2 . Average dimensions of the orthogonal axes (a; b; c), expansion indices (a/a o ; b/b o ; c/c o ), sphericity (E s ) and circularities of the longest axis (C r1 ), medium axis (C r2 ) and smallest axis (C r3 ), during soaking of Adzuki beans at the temperatures 18 ± 1 and 27 ± 1 °C. Corrêa (7) model (Table 4 ). In general, the greatest R 2 values were observed for the models of Lang and Sokhansanj (5), Rahman (6) and Linear (8). The models of Lang and Sokhansanj (5) and Linear (8) presented the smallest magnitudes of the estimated average error (SE), for the data analyzed, except for the temperature 18 °C, where Lang and Sokhansanj (5) and Exponential (9) models also showed low values of SE. The models presented relative average error (P) below 10%, what, according to Mohapatra and Rao (2005) indicates adequate description of the phenomenon, except for the model by Corrêa (7) at temperatures 36 and 45 °C. It can be seen in Table 5 that the Linear (8) model presented, for all four soaking temperatures, a random distribution of residues; thus, resulting in satisfactory fit to the data of volume expansion of Adzuki beans. Therefore, analyzing these statistical parameters, it can be stated that the Linear (8) model presented the best indices, and it was considered the most adequate to represent the volume expansion of Adzuki beans grains. Resende and Corrêa (2007) also found that the Linear model adequately represented the phenomenon of volume expansion of common red beans (Phaseulos vulgaris) during soaking at temperatures 20, 30, 40 and 50 °C. Figure 2 presents the example of random and biased residue distribution. circularity analyzed by the smallest axis (C r3 ) increased, for all four temperatures evaluated. Therefore, it can be noted that the increase of the grains volume during the soaking happened in an irregular way for the orthogonal axes, resulting in a variation of the circularity values. Sphericity decreased during soaking for all temperatures analyzed, presenting the smallest values at temperatures 36 and 45 °C. Corrêa et al. (2007) observed different values for common red beans (Phaseolus vulgaris L.), since the shape was changed irregularly during soaking at the temperature range of 20 to 50 °C.
In contrast, Bayram, Oner and Kaya (2004) found volume increases of 129.6 to 146.3% for soybeans subjected to soaking at 30 to 70 °C, while wheat grain volume increased from 131.6 to 180.4% during soaking at temperatures 87 and 97 °C EREN, 2004) . Tables 4 and 5 present the values of the determination coefficient, relative and estimated average errors, and trend of residue distribution for all six models analyzed during Adzuki beans soaking at the different temperatures.
The models adjusted to the experimental data presented determination coefficients (R 2 ) above 97%, except for the Table 3 . Average dimensions of the orthogonal axes (a; b; c), expansion indices (a/a o ; b/b o ; c/c o ), sphericity (E s ) and circularities of the longest axis (C r1 ), medium axis (C r2 ) and smallest axis (C r3 ), during soaking of Adzuki beans at temperatures 36 ± 1 and 45 ± 1 °C. 
Conclusions
For the conditions of this study, it can be concluded that the shape of Adzuki beans changes regularly and the orthogonal axes expand differentially in the radial and axial directions during soaking at temperatures 18, 27, 36 and 45 °C. Based on statistical parameters, within the series of models analyzed, the volume expansion of Adzuki beans grains can be described by the simplest model, that is, the linear one. 
